Abstract: Soil phosphorus (P) is one of the nutrients that contribute to eutrophication of waterways, algal blooms and damage to coral reefs. Reducing P movement from farm paddock to the broader environment often requires comprehensive, catchment-wide approaches to management. The substantial complexity of the physical and managerial causes of P pollution has led to a role for simulation models in evaluating the efficacy of regulations and management changes.
In Queensland, the Reef Plan program (http://www.reefplan.qld.gov.au) addresses issues of sediment, nutrient and pesticide impact on the health and future of the Great Barrier Reef. Some of the associated regulations are concerned with the use of P fertilizer. The HowLeaky? model is one of few biophysical models that represent agricultural management, biophysical conditions and P exports. As reported at MODSIM07, information about P export was added to an existing model of water balance and sediment export (HowLeaky?) to create a useful model of P export from agriculture. However, the predictive power of the model was modest, especially over short periods (e.g. individual days).
To improve the predictive power of the model, several changes have been made, including (i) additional empirical functions for estimating the enrichment of total P in sediment, and (ii) additional functions for estimating concentration of soluble P in runoff (mg P/L). Soil adsorption of P (P buffering), which affects the soluble P concentration in runoff, is now estimated from the widely available phosphorus buffering index test (PBI) rather than phosphorus buffering capacity (PBC). Large, high-quality datasets are used to evaluate these relationships.
A case study is presented where HowLeaky? has been used to estimate P loads generated at a site in the GBR catchment. The Brigalow Catchment Study is a long-term study of the effects of land clearing and agriculture on the water balance and water quality. It is located in central Queensland, has a subcatchment that is cropped, has representative soils, and is part of the Fitzroy Catchment. HowLeaky? reproduced daily runoff amounts very well, and the revised P model in HowLeaky? was acceptably accurate at predicting daily P loads. Modelling predicted the long-term totals (6 years) of soluble and particulate P export from the field site with less than 50% error. This is a better-than-expected result with an un-calibrated model, as P exports are notoriously difficult to predict.
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INTRODUCTION
Phosphorus (P), nitrogen (N) and other nutrients and materials are hazardous to aquatic ecosystems. Enrichment of ecosystems with P is an important precursor to eutrophication -a globally significant problem of rivers, lakes, estuaries, and coastal oceans (Sharpley et al. 1994) . Eutrophication is a complex condition associated with blooms of toxic algae, oxygen depletion, loss of seagrass, loss of coral reefs, and changes in food webs. Economic impacts can be substantial, especially on the tourism, fishing and shellfish industries. Although eutrophication can be reversed, rates of recovery are typically slow, so prevention is important.
Nonpoint sources of P (such as agricultural lands) are more important than point sources (such as treatment works) in Australia and much of the USA. Differences in the generation and management of point and nonpoint P pollution are discussed by Herath (1997) and Sharpley (1995) . In general, runoff from farms, suburban and extensive urban areas often carries large amounts of P into waterways. The contribution from extension grazing enterprises is variable, as erosion and sediment losses may be low, and in these cases soluble P may be the dominant form of P entering waterways (Sharpley et al. 1992) . In north-eastern Australia, the Great Barrier Reef (GBR) is thought to be affected by P pollution as well as suspended sediments, N and pesticides. Land use in the GBR catchments is a complex mix of grazing, grain cropping, sugar cane cropping, horticulture, native forests and urban areas. This complexity is expected to lead to heterogeneous rates, causal factors and forms of contributions of P to the GBR lagoon.
Recently, the Reef Water Quality Protection Plan (Reef Plan, http://www.reefplan.qld.gov.au) was introduced to lessen the impacts of non-point pollution on the GBR. The Reef Water Quality Protection Plan was launched by the Australian and Queensland Governments in 2003 and updated in 2009, with two primary goals: (i) to halt and reverse the decline in water quality entering the Reef lagoon by 2013, and (ii) to ensure that by 2020 the quality of water quality entering the Reef lagoon from adjacent catchments has no detrimental impact on the health and resilience of the Great Barrier Reef (http://www.reefplan.qld.gov.au/about/rwqpp.shtm). Assessment is via quantitative targets for land management and water quality outcomes. In particular, the Reef Plan aims to: (i) reduce the pollutant load from non-point sources in the water entering the Reef by encouraging good planning and assist land managers in adopting best management practices (BMPs), and (ii) rehabilitate and conserve areas of the Reef catchment that have a role in removing water borne pollutants. Reef Plan aims that relate to P pollution include: (i) ensuring that inputs of P and N fertilizers don't exceed crop requirements, and (ii) reducing tillage in cropping systems to reduce soil erosion and P loss, and (iii) improving pasture and grazing management so that erosion and P losses are reduced.
In order to understand the importance of the various contributions of P from agricultural land use to the GBR lagoon, a range of monitoring and modelling studies are underway. Simulation models provide the opportunity to extend currently available observed data to hypothetical or projected land management scenarios. The Reef Plan project uses the HowLeaky? model (Rattray et al. 2004 ) to simulate the water balance (runoff, transpiration, deep drainage, etc.) of a vast number of combinations of crop growth and land management conditions at the paddock scale in the GBR catchments. The HowLeaky? model has estimated P export for some time ) the accuracy of the estimates has been variable in testing, so improvements were sought prior to its use in the Reef Plan project. This paper reports improvements to the model, and limited testing in a catchment study within the GBR catchments.
METHODS

The P model in HowLeaky?
The original P model in HowLeaky? was described by Robinson et al. (2007) . Changes to this model are summarized in Table 1 . There are now three alternative methods of estimating dissolved reactive P concentrations (mg/L) in runoff (DRP, a.k.a. filterable reactive P): (i) a suite of three functions, based on large datasets, that predict DRP from the degree of saturation of the P adsorption capacity of the soil, (ii) a Table 1 . Methods of estimating P concentrations in runoff in the HowLeaky? model. function (Eqn 1, below) based on dissolved P (DP, mg/L) runoff data from pastures (Dougherty et al. 2010) and estimating DRP as a proportion of DP (Eqn 2, below), and (iii) a constant proportion of "available" or "plant available" soil phosphorus (ie. mg P/L : mg/kg), as used in the Generalised Watersheds Loading Functions (GWLF) model (Haith and Shoemaker 1987) and others. These coefficients used in method (iii) are typically 0.005 to 0.01. 
(2005). HowLeaky includes 3 user-selected function (I, II and III).
P saturation (Psat%) is available P, as measured by the Colwell method (1963), as a percentage of the soil P sorption capacity (Pmax, mg/kg). P saturation is a simple notion that can be difficult to estimate and employ. Pmax was previously estimated in HowLeaky? from soil phosphorus buffer capacity (PBC), described by Ozanne and Shaw (1968) and the adsorption equation of Langmuir (1916) . However, the method is laborious, and consequently, not widely adopted. HowLeaky? now estimates Pmax from PBI -a widely measured, single point measure of P buffering (Burkitt et al. 2002) . Figure 1 shows PBI and Langmuir Pmax for a large set of data from L. Burkitt (pers. comm., for the soils described in Burkitt et al. 2002) . The inverse of this equation is used in HowLeaky? to predict Pmax from PBI.
As well as modelling runoff and erosion, HowLeaky? and other models of P transport need to account for the preferential transport of P-rich fine material from hillslopes (Wolfe 2007) . In HowLeaky? there are three alternative methods for calculating the ratio describing the enrichment of soil P (mg/kg) into sediment suspended in runoff (mg/kg):
(i) a fixed ratio,
(ii) an empirical function based on the clay content (%) of the topsoil (Equation 4), enrichment ratio = minimum (10, maximum (1,15-0.33*Clay%)) … (4) where Clay% is the percentage clay in the topsoil. The range of the function is limited to 1 (Clay% >45) to 10 (Clay% <15).
(iii) a user-selected constant multiplied by an equation published by Sharpley (1980) , that is similar to that used in the CREAMS model (Menzel 1980 ) (Equation 5). The enrichment ratio decreases as the daily sediment amount (kg/ha) increases.
ln(enrichment ratio) = InputConstant * (2.4 − 0.27 * ln(sed)) … (5) where sed is the daily sediment discharge (kg/ha), and ln() indicates the natural logarithm.
Method (i) is simple, and is especially suitable if the ratio has been measured (Sharpley 2007) . In general, soils with sandy or organic surface layers or P stratified in the surface are likely to have higher enrichment ratios than clay soils and uniform soils. Method (ii) is based on data from soils in Queensland that ranged from 26 to 65% clay, and so is best suited to clay soils. The enrichment ratios are high (5.1) for soils less than 30% clay. This method is based on limited data. Method (iii) is based on large datasets, and describes the common situation where increasing daily rates of erosion decrease enrichment. This may be due to greater export of coarse material relative to fines in high energy events, or the depletion over time of concentrated sources of P. The dataset used to fit this function included many loam and light clay soils (with InputConstant=1). InputConstant was added to the function to allow for situations where the minimum enrichment ratio is greater than 1. If the constant is unknown it can usually be assumed to be 1 for highly aggregated, structured soils (e.g. Vertosols) to 2 for un-aggregated, structureless soils (e.g. Kandosols).
The model was tested using data collected over 6 years (2000 -2005) from a cropped catchment at the Brigalow Catchment Study (C2, Cowie et al. 2007) . Soil descriptions and measurements, cropping history, weather observations and other input data were available. Table 2 shows key soil parameters used to represent the mix of Vertosols and Dermosols (Isbell 1996) at the site. Available validation data included many measurements of crop and residue cover, runoff, and a few measurements of dissolved and sediment P concentrations. Other soil parameters used in the simulation include: Runoff curve number (CN) = 78, CN reduction at 100% cover = 8, CN reduction for tillage = 5, field slope = 1.2%, slope length=100m, USLE K = 0.4 (metric units), soil evaporation U = 8 mm/day, soil evaporation Cona 4 mm/day 0.5 , USLE rill:interrill ratio =0.4.
RESULTS AND DISCUSSION
These simulations used method (i) for DRP (Howleaky? function II), and method (ii) for particulate P (ie the modified Creams enrichment function) with an input coefficient of 2. Accurate prediction of runoff is a prerequisite to the accurate prediction of P export in runoff. Figure 2 shows that daily runoff was accurately predicted for most events (R 2 =0.77). The RMSE of daily runoff estimates was 8.2mm (of data where the modelled or measured values were non-zero). This was despite poor accuracy in the simulation of ground cover (Figure 3) . Daily exports of P (kg/ha/day), as dissolved P or as P in suspended particles, are shown in Figures 4 and 5 , respectively. Each point is the product of the respective P concentrations (mg P/L) and runoff amounts (ML/ha/day). These figures show that the measured data, though scant, are spread across the range of modelled values. The differences between measured and predicted values were less than expected.
The total of the measured and modelled DRP from the Brigalow Catchment Study from January 2000 to December 2004 were 0.56 and 0.44 kg/ha, respectively. For particulate P the values are 0.45 and 0.61 kg P/ha for the model and measured, respectively. Given the considerable magnitude of possible errors in such a simulation, we were pleased with the agreement between the measured and modelled values. 
CONCLUSIONS
Good agreement has been found between predictions by the new model and measured data for P export in runoff from a field site.
